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ABSTRACT

Large-stroke micromachined deformable mirror technology can boost the imaging performance of an otherwise
non-rigid, lower-quality telescope structure. The proposed deformable mirror concept in this paper combines a
microfabricated large-stroke piezoelectric actuator with a reflective membrane “transferred” in its entirety from a
separate wafer. This process allows the large-stroke actuation of the continuous membrane and can provide the
necessary large wavefront correction. The micromachined deformable mirror approach allows mass-production of
actuators as well as scalable structures with, high actuator densities. The piezoelectric unimorph actuator design
approach delivers large actuator stroke with a highly localized influence function, while maintaining a surface figure of
optical quality. Both of these component fabrication techniques are easily scaled to accommodate deformable mirrors
with very large areas.
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1. INTRODUCTION

Ultra-large, lightweight space telescopes are envisioned by NASA for the scientifically critical UV-visible (0.1 um -
1pum), mid-infrared (3-30 um) and far-infrared (30-300 um) wavelength regimes. Deploying conventional, rigid
primary mirrors in space is prohibitively expensive. Therefore, it is planned to construct telescopes with either
segmented apertures or with relatively flexible monolithic primary mirrors whose large surface errors can be corrected
using subsequent active or adaptive wavefront control [1]. These concepts could potentially involve wavefront errors
greater than several wavelengths. Thus, the key optical component needed for effective wavefront compensation is a
large-stroke, continuous-membrane, deformable mirror with high actuator density over large areas.

Electrostrictive lead magnesium niobate (PMN) devices have achieved a surface stability of 1 angstrom and a
surface figure of A/20 [2]. Other materials, such as super-piezoelectric (PMN-PT) and lead zirconium titanate (PZT)
ceramics, have also been developed for this application. Some of these materials have shown good cryogenic
properties. However, although these technologies are in widespread use, they have only limited actuator stroke
(approximately 0.5 um stroke at 1/mm?actuator density, for PMN-based mirrors). MEMS-based designs, therefore,
offer the potential of being highly scalable and achieve high pixel counts, while at the same time being highly cost
effective. Although segmented deformable mirrors have been fabricated with tip/tilt capability on individual pixels [3,
4], a continuous surface figure is required to increase imaging sensitivity and avoid undesirable diffraction effects.
Micromachined continuous membrane deformable mirrors have been fabricated [5-9]; however, such devices still have
limited actuator stroke (< 6 um for at 1/mm? actuator density), and with marginal surface quality. Current, large-
aperture technology developments under the recent Gossamer program have yet to demonstrate the potential for
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diffraction-limited wavefront quality over large apertures. Therefore, there exists a pressing need for a large-actuator-
stroke deformable mirror to correct the large wavefront errors associated with flexible space-based telescope apertures.
The approach described in this paper, will simultaneously meet the dual requirements of high optical quality (A /20 at
A = 0.5 um) and large stroke (> 6 um at 4/mm? actuator density or > 30 pm at 0.1/ mm? actuator density), and is based
on a large-stroke unimorph piezoelectric actuator technology combined with an optical-quality membrane transfer
technology.

2. UNIMORPH DEFORMABLE MIRROR CONCEPT

The proposed deformable mirror consists of a continuous membrane mirror transferred onto arrays of piezoelectric
unimorph actuators. The primary benefit of piezoelectrically actuated MEMS is precision spatial control, which more
than offsets the added complexity of microfabrication. Recent studies indicate promising piezoelectric properties for
thin-film material compositions [10]. Pixelated PZT actuated mirror arrays have been commercially developed [11].
The unimorph actuation principle is illustrated in Figure 1. A voltage applied to the piezoelectric layer induces lateral
strain, which, because of the doubly clamped configuration, is converted to a vertical deflection of the unimorph. The
vertical deflection causes the film to deform and pull on the mirror attached to it. The advantage of this approach is
that the small strains obtainable at modest voltages from a piezoelectric material are converted into large vertical
mirror displacements. In our current design, for a 500 um actuator spacing, an approximately 6 um vertical
displacement is expected. In our previous experiments, at 77 °K, the actuation displacements of PZT films with a
composition optimized for room temperature operation, dropped to ~25% of the room temperature value. Thus,
optimization of the actuator material composition for operation at the required temperature ranges will have to be
performed in the future. This could be accomplished, for instance, by choosing compositions with low ferroelectric
transition temperatures (curie temperatures). Several options exist for this choice, including moving to a Zr-rich PZT
or to related compositions with low transition temperatures, such as lead magnesium tungstate — lead titanate or lead
magnesium tantalate — lead titanate.

3. MODELING OF PIEZOELECTRIC UNIMORPH MEMBRANES

Mathematical modeling was performed for
piezoelectric unimorph (rectangular membrane
geometry) with variable dimensions and clamped
around the perimeter. The modeling approach
involved the following steps:

a) Selection of a functional form with a
proper choice of coordinates for the
displacement vectors.

b) Calculation of the resulting strain
distributions.

c) Integration of the differential elastic and
piezo-elastic energy contributions over

the actuator volume in order to obtain the Membrane Mirror Post

total piezo-elastic energy for the

colnf.lgu'ratl(_)n. Figure 1: Thick-film piezoelectric unimorph based deformable
d) Minimization of the energy under the mirror concept. A compliant, optical quality, single face-sheet

applied constraints (e.g. displacements mirror membrane is backed by an array of micro actuators. A

being zero along the membrane edge) in voltage applied to the piezoelectric layer induces stress in the

order to obtain the membrane profiles for longitudinal direction causing the film to deform and pull on the

mirror connected to it. The advantage of this approach is that the
small strains obtainable from a piezoelectric material at modest
voltages are translated into large displacements.

the various piezoelectric layer dimensions
and applied voltages.



A set of constraints is included into the energy minimization calculation using a polynomial displacement function
and the method of Lagrange multipliers. These constraints include both the actuator clamping around the perimeter
and the central actuator displacement. Taking partial derivatives with respect to all the unknown coefficients of terms
in the polynomial generates a set of linear equations. The resulting system of linear equations is solved numerically to
obtain the relevant coefficients for the unimorph actuator profile and the vertical displacements at the center for
various sets of initial conditions, such as the membrane dimensions, membrane thickness, materials properties, applied
voltages, and normal forces. These coefficients are then substituted into the original form of the displacement function
to obtain the membrane profiles corresponding to particular sets of initial conditions.

For the instance of a 500 um X 500 pwm unimorph actuator membrane, three different cases are considered; 16 pum
thick Si, 26 wm thick Si, and 2 um thick Si;N, assuming a constant field of 10 kV/cm. Figure 2 shows the
displacements for various values of PZT dimensions and PZT thickness for the three cases.

16 um thick Si 26 um thick Si 2 um thick SisNy

Figure 2: 3D plots of displacement vs. electrode lateral dimensions and the thickness. (All numbers are in um.)

Via this calculation, the optimal electrode sizes are found to be 500 pum X 500 pm x 12.1 pum thick PZT for the 16
wm thick Si support membrane, 500 um x 500 um x 19.7 um thick PZT for the 26 pum thick Si support membrane, and
480 wm x 480 um x 2.1 um thick PZT for the 2 um thick Si;N4 support membrane. Subsequently actuator deflections
at the center were calculated using these optimal parameters for the three membranes for various voltage and normal
force conditions. These results are presented in Figure 3.
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16 um thick Si 26 um thick Si 2 um thick SisN,
Figure 3: 3D plots of center displacement of unimorph actuator vs. applied voltage (-1V/um to +1V/um ) and normal force (N).
Figure 4 shows the free (optical membrane not mounted) actuator center displacement for the case of Si 3N,

membrane-based unimorph actuators as a function of the lateral membrane dimension. The lateral PZT electrode
dimension is chosen to be 80% that of the Si;Nymembrane, as this has been determined to be very close to optimum



size for achieving maximum deflection. The data is
generated for 1.5 um thick 6H PZT on 2 pm SizN, at 1V/um
applied field.

The deflection of the mirror membrane is modeled using
the same principles used for modeling the piezo unimorph
actuation. A set of basis functions for the displacement
vectors is chosen (in this case a discrete Fourier expansion is
selected due to the fact that the integration volume
encompasses the entire mirror membrane, and thus one can
take advantage of significantly simplified resulting
equations). Strains are calculated, the elastic energy is
integrated over the volume and subsequently minimized
using the standard constrained minimization approach
(Lagrange multipliers). In the case of the mirror membrane,
as opposed to the actuator case, the boundary is
unconstrained while an array of points within the membrane
corresponding to the attachment points to individual
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Figure 4: Actuator displacement at constant field vs.
actuator size.

actuators is constrained to be at the nominal actuator height. We also include the height/applied field/restoring force
relationship for each actuator as a set of complementary equations. The relevant coefficients are taken from the
previously completed piezo unimorph analysis and are reduced to two parameters, the field coefficient, c., and the

force coefficient, cr. These equations have the following form.

h =-c,E, —ch,.

(D

where E; and £; are applied fields and restoring forces, respectively, and 4; are the actuator displacements. Thus the
resulting set of equations can be solved either to determine membrane profiles as a function of applied voltages, or to
determine the set of applied voltages for the desired actuator displacements. The latter solution set is necessary for

implementing control loops. Figure 5 shows the
mirror surface profile, when a single actuator is
turned on while the other surrounding actuators are
turned off (for a 4 x 4 array of Si;N, membrane-
based unimorph actuators under a 2 mm wide, 5 um
thick Si optical membrane).

Figure 6 shows the mirror membrane profile
obtained by requiring that all actuator displacements
be zero except for one, which provides a 1 um
displacement The plot shows membrane
displacement as a function of the applied electric
fields required to achieve this membrane profile.
Thus, this case illustrates the possibility of
controlling the actuator array in order to obtain
arbitrary membrane profiles. This task, however, is
not trivial and a control algorithm based on the
mathematical model must be developed.

Figure 5: Membrane profile with one actuator at 1 V/um, all others
at 0 V/um. (Vertical scale is in microns, lateral in mm)
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Figure 6: Mirror membrane profile with a single actuator required to be at 1 pum (V/um = 1.458), while all other actuators are set at
zero displacement. The electric field values in V/um required to achieve this membrane displacement profile are shown in the
accompanying table.

4. FABRICATION TECHNIQUES

4.1 Transfer of Silicon Membranes

Wafer transfer techniques have been developed to transfer devices or thin films over other substrates [12-15].
Some of these techniques are capable of transferring thin-film microstructures, however the transfers were successful
only in the case of small device sizes. Wafer-scale transfer techniques utilizing adhesives and/or molding materials
have also been developed, [16-19]. Transfer techniques using sacrificial layers are not suitable for fabricating a wafer-
scale continuous membrane, since the sacrificial layer under the continuous membrane needs to be completely etched
away in order to complete the transfer. These techniques often result in generating residues around the transferred
membrane surface. Therefore, we have developed a novel transfer technique for the fabrication of a continuous
membrane deformable mirror, meeting the stringent optical quality requirements for future space telescopes [20].

Several silicon membranes, 4 inches in diameter, have been transferred using this process. The following briefly
describes the fabrication sequence: A Silicon-On-Insulator (SOI) wafer and a silicon wafer are used as the carrier and
electrode wafer, respectively. A 0.5 um thick oxide is thermally grown on both sides of the wafers. Cr/Pt/Au metal
layers are deposited and patterned on both wafers using a lift-off process. A 1 um thick indium layer is then deposited
on both wafers. Since the indium layer uniformly wets the Au layer, the Au “localizes” the In layer for subsequent
hermetic bonding. This hermetic bonding process is a critical step prior to etching the SOI substrate wafer. A key
problem is to prevent Indium from instantly oxidizing upon exposure to air, since the oxidized indium does not
provide hermetic bonding. Thus, the indium deposition process is followed by the in-situ deposition of a 0.01 pm
thick Au layer to prevent the indium surface oxidation problem. These deposited metal layers for bonding are also
patterned using a lift-off process. The carrier wafer is subsequently bonded to the electrode wafer. An Electronic
Vision aligner and a thermo-compression bonder are used to align and bond the two patterned wafers. The bonder
chamber is pumped down to 1X107 Torr before bonding the two wafers. A piston pressure of 4 kPa is applied at 156
°C in a vacuum chamber to provide a complete hermetic sealing. The substrate of the SOI wafer is etched in a 25-wt
% Tetramethylammonium hydroxide (TMAH) bath at 80 °C until the buried oxide is exposed. A Teflon fixture is
used to protect the backside of the bonded wafers as well as their bonded interface. The exposed oxide is then



removed by using dilute hydrofluoric acid (49 % HF) droplets after an O, plasma ashing. O2 plasma is then used to
remove any organic residues left on the membrane surface. The wafer-scale silicon membrane transfer process is
complete at this stage. The surface figure of the transferred 10pum thick membrane is measured (after patterning and
etching it into a small overhanging membrane. The measured peak-to-valley surface figure error of our membranes
(area 1 mm?) with indium posts spacing of 200 um is approximately 9 nm. This surface figure error is mainly due to
the “print-through” from the indium posts.

4.2 Thick-Film PZT Unimorph Fabrication

The capability for the deposition and patterning of PZT thick-films has been developed for integration into MEMS
devices. For optimized room temperature piezoelectric response, PZT films with typical Zr:Ti ratios of 52:48 are used.
As described above, the composition needs to be re-optimized for optimum operation at cryogenic temperatures. Films
between 50 nm and ~8 pm can be deposited on 4” wafers using a sol-gel process by spin-coating the 2 —
methoxyethanol-based precursor solution onto Pt/Ti/SiO./Si substrates (Nova Electronic Materials), as shown in
Figure 7.

[ Lead acctate trihydrate } [Titanium iso-propoxidc] [Zirconium n-propoxide ]
2-methoxyethanol } ————D{ 2-methoxyethanol ]4-—- PZT 52/48 films

Reflux at 120°C for 2 hrs
Distilt by-products at 120°C

Acetylacetonate

Stir at 25°C

Dehydrate at 115°C

Crystallization
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Prefire;
300 - 450°C
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Multilayering:
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Figure 7: Processing scheme for thick PZT films. Edge bead removal is conducted prior to the crystallization step to avoid
cracking of the deposit. A multiple layering process is employed for the deposition of thick films.

After the deposition of a single layer, the film is pyrolyzed to remove organics and heat-treated (typically at 700°C)
to crystallize the film. Additional layers can then be spin-coated and heat-treated to increase the film thickness. It was
found that in order to grow films thicker than ~3pum routinely on Si, it was necessary to remove the edge bead (from
the spin coating process) from the wafer prior to pyrolysis and crystallization. Additional details on thick film
processing are given elsewhere [23]. Figure 8 shows a cross-sectional scanning electron micrograph of a PZT film.
The resulting films typically show dielectric constants of ~1000, loss tangents ~2 — 3%, remanent polarizations >20
pC/ecm?, and €3 ¢ piezoelectric coefficients of —6.5 to —5 C/m?. PZT films ~6 pm thick with similar properties have
been used in MEMS accelerometers [21]. PZT films deposited on diaphragm structures with diameters of 500 pum,
have resulted in center deflections of >3 microns for comparatively thin PZT films (~1.5 pum). For the larger stroke
actuators required for this application, thicker PZT films would be required in order to increase the piezoelectric
constant and the volume of the actuator material, thereby increasing the actuator stroke. While bulk PZT materials
usually exhibit piezoelectric hysteresis, this problem is much reduced in thin films. This is because thin films show



much less non-180° domain wall motion (primary
cause of hysteresis) than do even the hardest of bulk
ceramics [22]. Also, it is well known that these
extrinsic contributions to the piezoelectric response
increase with film thickness, and decrease with
decreasing temperature [22,24]. While domain wall
motion been observed to lead to additional hysteresis
in the electric field induced strain of thick films at
room temperature, there is no available data in the
literature on how rapidly these extrinsic contributions
freeze out in thin films. Thus, an important direction
of future research will be to determine how extrinsic
contributions to the piezoelectric constant evolve as a
function of film thickness at the low operating
temperatures required for this application.
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Figure 8: Cross-sectional micrograph of PZT thick film

5. FUTURE WORK

Fabrication of a piezoelectrically actuated MEMS mirror will be pursued. An optically polished silicon wafer will

be used as a carrier wafer, and a flexible mirror membrane material will be subsequently deposited on it. An optical
quality, deformable membrane mirror will be obtained by using the membrane material deposited on an optically
polished carrier wafer, essentially making the transferred membrane surface a replica of the surface of the carrier
wafer. Several membrane materials including polymers will be tested in order to select a mirror membrane material
with optimized surface quality, mechanical compliance, stability, and frequency response. The selected membrane
will be transferred to our piezoelectric unimorph actuator array or if necessary, onto other actuators operating on a
different actuation mechanism. The microfabricated deformable mirror will be characterized with a full aperture
measurement, which allows both interferometry and wavefront sensing measurements to be made.

6. CONCLUSIONS

The design, modeling and fabrication of large-stroke piezoelectric unimorph deformable mirror are described. The
deformable mirror device consists of a “transferred” continuous membrane mirror supported by individually moving
unimorph actuators. This membrane transfer approach is compatible with other actuation mechanisms (e.g. such as
conventional actuators) as well. An actuator technique based on thick-film piezoelectric films is being developed for
producing arrays of high-density unimorph actuators. The performance of piezoelectric unimorph membrane based
actuators has been optimized via mathematical modeling. The deformable mirror concept described in this paper will
support the requirements of several future space missions. The membrane transfer technology development is capable
of producing optical quality surface figure for a wide range of deformable mirrors with apertures up to 250 mm.
Development of the MEMS based large-stroke actuator technology is a new capability that is expected to benefit all
missions that require precision miniature devices in a broad range of operational environments. The development path
for this novel technology includes verification of performance on ground-based telescopes, diffraction-limited imaging
systems, and laser communications systems.
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